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The novel ginkgolide analog ginkgolide X was characterized functionally at human glycine and γ-aminobutyric acid type A receptors (GlyRs and GABA A Rs, respectively) in the fluorescence-based FLIPR™ Membrane Potential assay. The compound inhibited the signalling of all GABA A R subtypes included in the study with high nanomolar/low micromolar IC 50 values, except the ρ1 receptor at which it was a significantly weaker antagonist. Ginkgolide X also displayed high nanomolar/low micromolar IC 50 values at the homomeric α1 and α2 GlyRs, whereas it was inactive at the heteromeric α1β and α2β subtypes at concentrations up to 300 µM. Thus, the functional properties of the compound were significantly different from those of the naturally occuring ginkgolides A, B, C, J and M but similar to those of picrotoxin. In a mutagenesis study the 6' M2 residues in the GlyR ion channel were identified as the primary molecular determinant of the selectivity profile of ginkgolide X, and a 6' M2 ring consisting of five Thr residues was found to be of key importance for its activity at the GABA A R. Conformational analysis and docking of low-energy conformations of the native ginkgolide A and ginkgolide X into a α1 GlyR homology model revealed two distinct putative binding sites formed by the 6' M2 residues together with the 2' residues and with the 10' and 13' residues, respectively. Thus, we propose that the distinct functionalities of ginkgolide X compared to the other ginkgolides could arise from different flexibility and thus different binding modes to the ion channel of the anionic Cys-loop receptor.
γ-Aminobutyric acid (GABA) and glycine are the predominant inhibitory neurotransmitters in the CNS and also maintain important functions in several peripheral tissues (1) (2) (3) (4) (5) . The ionotropic GABA A and glycine receptors (GABA A Rs and GlyRs) belong to the Cys-loop receptor superfamily, which also comprises nicotinic acetylcholine receptors (nAChRs) and 5-HT 3 serotonin receptors (5-HT 3 Rs) (3) (4) (5) (6) (7) (8) (9) . The Cys-loop receptors are homomeric or heteromeric assemblies of five subunits, and the pentameric complex consists of three domains: an extracellular domain composed of the N-terminal domains of the five subunits, a transmembrane domain formed by the M1-M4 α-helices of the five subunits (including an ion channel predominantly formed by the five M2 helices), and an intracellular domain composed primarily of the large second intracellular loops of the five subunits (4, 7) . Signal transduction through the Cys-loop receptor is initiated by binding of the agonist to orthosteric sites situated at the interfaces between the N-terminal domains of the subunits, and this elicits a conformation change in the pentameric complex leading to flux of ions through the ion channel. Whereas nAChRs and 5-HT 3 Rs are excitatory Cys-loop receptors mediating the flux of Na + , K + and Ca 2+ , GABA A Rs and GlyRs are inhibitory anionic channels primarily permeable to Cl -ions (4, (6) (7) (8) (9) . Native GABA A Rs are a highly heterogenous population composed of numerous receptor subtypes assembled from a total of 19 subunits (10) . The receptors mediate a wide array of important physiological functions and are validated drug targets in the treatment of numerous disorders (10) (11) (12) (13) (14) . The GlyRs in the spinal cord and brain stem are of key importance for motor functions and sensory signalling in vision and audition (1, 5, 15) . The GlyRs are formed from the α1-α4 and β subunits, and both homomeric α and heteromeric αβ subtypes exist (1, 5, 15) . In order to be able to elucidate the composition of the native GABA A R and GlyR populations and to delineate the physiological roles governed by specific receptor subtypes, there is a profound need for identification and development of selective ligands targeting one or a subset of subtypes.
Ginkgolides, natural products from Ginkgo biloba, are diterpenes with a cage structure constituted by six five-membered rings and a tertbutyl group (16, 17) . The structures of the five naturally occuring ginkgolides A, B, C, J and M (collectively referred to as "the native ginkgolides") vary only when it comes to the number and positions of the hydroxyl groups in the molecules (Fig. 1) . The ginkgolides are noncompetitive antagonists of GlyRs and GABA A Rs (18) (19) (20) (21) (22) (23) (24) . Ginkgolides B, C and J have exhibited preference for heteromeric over homomeric GlyRs in studies of cloned and native receptors (18, 19, 21) . Thus, the compounds display the opposite pharmacological profile compared to that of another natural product, picrotoxin (an equimolar mixture of picrotoxinin and picrotonin) (4, 25, 26) . In contrast to picrotoxin, however, the native ginkgolides cannot be claimed to be truly selective against some GlyR subtypes over others, as IC 50 α1 /IC 50 α1β and IC 50 α2 /IC 50 α2β ratios determined for them in some studies have been 3-7 and 10-26, respectively, and since other studies have not observed significant differences between their antagonist potencies at different GlyR subtypes (18, 19, 21, 24) . The pharmacological properties of the ginkgolides have not been characterized at many recombinant GABA A R subtypes, and thus their selectivity profiles at these receptors are unknown (22, 23) .
The native ginkgolide has been proposed to bind to the bottom half of the GlyR ion channel, a binding site which overlap that of picrotoxin. Both picrotoxin and the native ginkgolides have been shown to form interactions with the 6' residues in the M2 helices lining the ion channel pore (18) (19) (20) 25, 27, 28) . Furthermore, the 2' M2 residue, located one helix turn below, has been proposed to be involved in the binding of picrotoxin (25, 28) and to be involved in the coordination of the ginkgolides to the heteromeric α1β GlyR but not to the homomeric GlyR (19, 20) . In SAR studies of ginkgolide analogues, the GlyR antagonist activity of the ginkgolide has been demonstrated to be very dependent on its rigid structure, and modifications of the hydroxyl groups in the molecule have been found to have detrimental effects on its activity (24, 29) .
Ginkgolide X is a novel ginkgolide analogue with a structure distinct from those of the five native ginkgolides (Fig. 1) (30) . In a previous study, small amounts of ginkgolide X was isolated from considerable amounts of waste products from the production of the Ginkgo biloba extract EGb 761 (S.S. Chatterjee, personal communication) (30) . In this study we have characterized the functional properties of ginkgolide X at GlyRs and GABA A Rs and investigated the molecular basis for its activity at these receptors. the cDNAs for the human α7 nAChR and human Ric-3 were kind gifts from Drs. J. Lindstrom and N.S. Millar, respectively. Finally, the stable cell lines expressing rat α3β4 nAChR, mouse α4β2 nAChR and human 5-HT 3A R were kind gifts from Drs. Y. Xiao and K.J. Kellar, J.A. Stitzel and J. Egebjerg, respectively (31, 32) .
Molecular Biology. The subcloning of α1, α2 and β GlyR cDNAs into pcDNA3.1 and of α7 nAChR cDNA into pCI-neo has been described previously (26, 33, 34) . The cDNAs for the GABA A R subunits were subcloned into the pcDNA3.1 vector from their original vectors using PCR and subsequent digestion using the unique restriction enzymes NotI and XbaI for β2 and β3 and XbaI and XhoI for α1-α5 and γ2s. The mutations introduced in various plasmids were made using the QuikChange mutagenesis kit according to the manufacturer's instructions (Stratagene, La Jolla, CA). The absence of unwanted mutations in all cDNAs created by PCR was verified by DNA sequencing (Eurofins MWG Operon, Martinsried, Germany).
Cell culture and transfections. The tsA-201 cells used for the transient transfections were grown in cell culture medium [Dulbecco's Modified Eagle Medium supplemented with penicillin (100 U/ml), streptomycin (100 µg/ml), and 10% fetal bovine serum]. The stable HEK293 cell lines expressing human 5-HT 3A R, rat α3β4 nAChR and mouse α4β2 nAChR were grown in cell culture medium supplemented with 1 mg/ml G-418 (5-HT 3A R and α3β4 nAChR) or with 0.5 mg/ml hygromycin B and 0.1 mg/ml zeocin (α4β2 nAChR).
For the transient transfections, 8 × 10
5 tsA-201 cells were split into a 6 cm tissue culture plate and transfected the following day with a total of 4 µg or 5 µg cDNA using Polyfect (Qiagen, Hilden, Germany). In the GlyR experiments, cells were transfected with 2 µg α-subunit cDNA and 2 µg pCDNA3.1 vector or with 1 µg α-subunit cDNA and 3 µg β-pCDNA3.1. In the GABA A R experiments, cells were transfected with 1 µg α-subunit cDNA and 1 µg β-subunit cDNA together with 3 µg pCDNA3.1 vector or 3 µg γ 2s -pCDNA3.1. In the α7 nAChR experiments, cells were transfected with 2 µg hα7-pCI-neo and 2 µg hRic3-pRK5. 16-24 h after the transfection, the cells were split into 96-wells plates (see below), they were assayed 36-48 h after the transfection. The experiments were performed in duplicate at least three times for each compound at each WT and mutant receptor. Glycine, GABA, serotonin were used as agonists for GlyRs, GABA A Rs and 5-HT 3A R, respectively. ACh was used as agonist for the α7 nAChR, whereas epibatidine was used as agonist for the α4β2 and α3β4 nAChRs. EC 70 -EC 95 concentrations of the respective agonists were used at the various WT and mutant receptors. The experiments with α7/Ric3-transfected cells were performed in the presence of 100 µM genistein in the assay buffer.
FLIPR™
Concentration-response curves for agonists and concentration-inhibition curves antagonists obtained in the FMP Blue assay were constructed based in the difference in the fluorescence units (FU) between the maximal fluorescence recording made before and after addition of agonist obtained for different concentrations of the respective ligands. The curves were generated by nonweighted least-squares fits using the program KaleidaGraph 3.6 (Synergy Software). Conformational Analysis. The conformational space of ginkgolide X, picrotonin, picrotoxinin and ginkgolide A was sampled using a high temperature quenched molecular dynamics (qmd) approach with Impact v50207 (35) as the molecular dynamics engine. Each compound was simulated for 1 ns using the OPLS2005 force field, 0.001 ps timesteps, GB/SA implicit solvent model and a target temperature of 1000 K. Every fith frame was extracted and subsequently energy minimized using the multiple minimization protocol in MacroModel v96207 (36) (MMFF94s force field, GB/SA solvent model) with elimination of redundant conformers and keeping only low energy conformations less than 3 kcal/mol above the global energy minimum. The procedure was repeated 5 times using different starting geometries to ensure complete sampling.
Homology Modeling.
A homology model of the transmembrane domain (M1-M4) of the α1 GlyR homopentamer was constructed using the 4 Å resolution electron microscopy structure of the nAChR from Torpedo marmorata as template (PDB (37) code: 2bg9) (38) . Initially, a structure based sequence alignment of the five template subunits (two α1, one β, one γ, and one δ) was established using the structural alignment feature of PyMOL (39) . Amino acid sequences for all known human Cys-loop receptor subtypes (GABA A R, GlyR, nAChR and 5-HT 3 R) were retrieved from the UniProt database (http://www.uniprot.org). With ClustalX (40) a "profile alignment" of these sequences to the previously established template alignment was performed. A profile alignment keeps the original (template) alignment fixed while aligning the new sequences to it one by one, thus preserving the structural alignment. The final sequence alignment of M1-M4 of the α1 GlyR subunit to the template is given in SI Fig. 1 . Note that the long intracellular M3-M4 loop was excluded due to missing structural information of this segment.
Using the program MODELLER (41), 120 models were built and subsequently evaluated using the built-in molpdf scoring functions. The best scoring model was inspected visually to ensure the model was as expected, and a Ramachandran plot confirmed the overall quality (five violations, neither in M2 nor close to the putative ginkgolide binding site). After performing a standard protein preparation (protonation, tautomerization and geometry optimization) in Maestro v. 8.5.207 (42) , the resulting α1 GlyR model was used for subsequent docking studies. Additionally, a standard PASS analysis (43) was performed on the model in order to visualize the size and shape of the putative ginkgolide and picrotoxin binding site.
Induced fit docking.
All unique ring conformers of ginkgolide X, picrotonin, picrotoxinin and ginkgolide A were docked using the induced fit docking protocol (44) implemented in Maestro v85207. Compounds were initially docked to the receptor using scaling factors of 0.70 for both ligand and receptor generating 20 poses for each unique ring conformation of the ligands. Side chains of the M2 helices (-1' to 14') were then sampled and minimized and the compounds were finally docked to the optimized receptor using scaling factors of 1.00 and 0.80 for receptor and ligand, respectively. The obtained poses were scored using the Glide-XP scoring function and the IFD-score (Glide G-score + 0.05 x prime energy).
RESULTS

Functional characterization of ginkgolide X at Cys-loop receptors.
The functional properties of ginkgolide X were characterized at a wide range of Cys-loop receptors in the FMP Blue assay. Cys-loop receptor signaling has been investigated in this assay in numerous previous studies, including references (26, 34, (45) (46) (47) . In SI Fig. 2 , sample experimental data from the assay are given for an anionic and a cationic Cys-loop receptor, the α2 GlyR and the 5-HT 3A R, respectively.
GABA A Rs. Several human GABA A R subtypes made up from the ρ1 subunit, from α and β subunits or from α, β and γ2s subunits were expressed in tsA-201 cells by transient transfection of the respective subunit cDNAs, and the functional properties of GABA and ginkgolide X were determined at these receptors in the FMP Blue assay (Table 1 and Fig. 2 ). Since transfection of cells with α and β subunits gives rise to functional GABA A Rs, the incorporation of the γ2s subunit in pentamers formed at the cell surface of cells transfected with α, β and γ2s subunits was verified in two different ways. Firstly, the receptors formed in these cells were shown to be sensitive to allosteric potentiation by diazepam, which is known to bind to the α/γ interface of the αβγ GABA A R complex (data not shown) (3, 6) . Secondly, cells transfected with α5, β2 and γ2s T6'F cDNAs form functional receptors insensitive to picrotoxin and ginkgolide X, a characteristic not shared by neither WT α5β2 nor WT α5β2γ2s receptors (see below). This further suggests that at least the majority of receptors formed at the surface of cells transfected with α, β and γ2s cDNAs actually do contain the γ2s subunit.
For the characterization of ginkgolide X at GABA A Rs in the FMP Blue assay, EC 70 -EC 95 concentrations of GABA were used as agonist concentration at the respective subtypes. Ginkgolide X displayed IC 50 values in the high nanomolar/low micromolar range at all heteromeric GABA A Rs, whereas its antagonist potency was significantly lower at the homomeric ρ1 receptor (Fig. 2 and Table 1) .
GlyRs. For the characterization of ginkgolide X at human GlyRs in the FMP Blue assay, 200 µM glycine was used as agonist, corresponding to EC 70 -EC 95 concentrations at the different receptors (Table 1) . Ginkgolide X displayed high nanomolar/low micromolar IC 50 values as antagonist of the homomeric α1 and α2 GlyRs ( Fig. 3 and Table 1 ). In contrast, the compound was completely inactive at the heteromeric α1β and α2β subtypes at concentrations up to 300 µM ( Fig. 3 and Table 1 ). Thus, ginkgolide X displayed a selectivity profile at GlyRs similar to that of picrotoxin (4). In the FMP Blue assay, picrotoxin displayed IC 50 values of 2.9 µM (pIC 50 ± S.E.M: 5.54 ± 0.04, n=3) and 2.4 µM (pIC 50 ± S.E.M: 5.62 ± 0.05, n=3) at α1 GlyR and α2 GlyR, respectively, and IC 50 values of ~300 µM at the α1β and α2β subtypes (n=3 for both). Thus, with IC 50 α1β /IC 50 α1 and IC 50 α2β /IC 50 α2 ratios of >400 and >100, ginkgolide X exhibited an even higher selectivity for homomeric over heteromeric GlyRs than picrotoxin with its IC 50 α1β /IC 50 α1 and IC 50 α2β /IC 50 α2 ratios of ~140 and ~130 (Table 1) . nAChRs and 5-HT 3A R. The functional properties of ginkgolide X were also characterised at four cationic Cys-loop receptors: the three major neuronal nAChR subtypes α4β2, α3β4 and α7, and the 5-HT 3A R. The compound was inactive at these receptors at concentrations up to 300 µM ( Table 1) .
The molecular basis for the subtypeselectivity of ginkgolide X at GlyRs. The 6' residue in the bottom half of the M2 α-helices forming the ion channel of the GlyR have been shown to be involved in the binding of native ginkgolides as well as of picrotoxin and its two components picrotin and picrotoxinin (19, 20, 25, 27, 28) . The 6' residue is highly conserved through the Cys-loop receptor family, being a Thr or a Ser residue in almost all subunits (Fig. 4) . A notable exception is the β GlyR subunit, which contains a Phe residue in this position (Fig. 4) . To investigate the role of this residue for ginkgolide X and picrotoxin inhibition of GlyR signaling, the F6' residue in the β GlyR subunit (Phe 282 ) was mutated to the corresponding Thr residue in α1 and the reverse T6'F mutation (Thr 258 →Phe) was introduced in the α1 subunit, and the activities of the two antagonists at GlyRs incorporating these mutant subunits were characterized in the FMP Blue assay.
Mutation of the F6' residue in the β subunit to Thr converted the inactivity of ginkgolide X at the WT α1β GlyR to an inhibitory activity very similar to that displayed by the compound at the homomeric WT α1 GlyR ( Table 2 and Fig. 5 ). In agreement with a previous study (25) , introduction of the F6'T mutation into the β subunit also converted the weak antagonist activity of picrotoxin at the WT α1β to almost the same antagonist activity as it displayed at the WT α1 GlyR ( Table 2) .
The IC 50 values obtained for ginkgolide X and picrotoxin at the α1β F6'T GlyR were slightly higher than those at the WT α1 GlyR. Still, it was important to verify that the "α1-like" profiles of the antagonists at α1β F6'T -expressing cells did not simply arise from the mutant β subunit being trapped inside the cells. Hence, we also characterized the functional properties of the antagonists at cells co-expressing α1 and β F6'G subunits. Although the antagonist activities of ginkgolide X and picrotoxin were slightly higher at these cells than at WT α1β-expressing cells, the antagonists displayed 30-100 fold lower antagonist activities at α1β F6'G than at the homomeric α1 GlyR (Table 2 ). Since there is no reason to expect the ability of the β subunit to reach the cell surface (when co-expressed with α1) to be more compromised by a F6'T than a F6'G mutation, this strongly suggests that the receptor being expressed at the surface of α1β F6'T -expressing cells is indeed the heteromeric receptor.
As for the studies of the effects of the T6'F mutation in α1, only a weak response to glycine application could be measured in α1
T6'Ftransfected cells in the FMP Blue assay. In previous studies, α1
T6'F GlyRs have displayed 4-8-fold lower I max values for glycine than the WT α1 in electrophysiological recordings (19, 25) . Thus, the low signals induced by glycine in α1 T6'Ftransfected cells may be ascribed to lower sensitivity of the FMP Blue assay compared to the conventional patch-clamp technology. However, in tsA-201 cells co-transfected with WT α1 and α1 T6'F subunits (in a 1:1 ratio) a significant glycine-induced response could be measured in the FMP Blue assay. Assuming that the cell surface expression levels of the WT and mutant α1 subunits in these cells are similar and that the ability of the α1 subunit to assemble into pentameric GlyRs is not influenced by the T6'F mutation, the α1:α1
T6'F stoichiometry of the majority of the receptor complexes in these cells will be 2:3 or 3:2. Thus, the pseudo-homomeric GlyRs formed in α1/α1 T6'F −transfected cells actually are the best representation of the subunit composition of the heteromeric WT α1β GlyR when it comes to the 6' residue arrangement, although the fixed subunit arrangement of the WT α1β GlyR obviously will not be mirrored in all receptors formed in these cells. The GlyRs in α1/α1
T6'F -transfected cells were completely insensitive to both ginkgolide X and picrotoxin at concentrations up to 300 µM ( Table 2 and Fig. 5 ). Finally, co-transfection of α1 T6'F and β F6'T subunits also resulted in the formation of functional GlyRs ( Table 2 ). The fact that co-expression of the 'functionally dead' α1 T6'F mutant with β F6'T results in a functional receptor is another indication that the β F6'T mutant is being expressed on the cell surface (in the presence of an α1 subunit). The α1 T6'F β F6'T GlyR was completely insensitive to ginkgolide X and picrotoxin at concentrations up to 300 µM ( Fig. 5 and Table 2 ).
Comparison of low energy conformations of ginkgolide X, ginkgolide A and picrotoxinin. Interestingly, while ginkgolide X clearly is a selective antagonist of homomeric over heteromeric GlyRs, ginkgolide A and the other native ginkgolides have been reported to be either non-selective antagonists at the various GlyRs or even to display some preference for the heteromeric subtypes (18, 19, 21, 24) . Superimposing ginkgolide A and ginkgolide X in their global energy minima using conserved hetero atoms as fitting points results in a very similar overlay (Fig. 6A) . The conformational flexibility of the core ring structures of ginkgolide A and ginkgolide X within a 3 kcal/mol cut-off, considered to be the limit for high affinity binding (48) , is shown in Figs. 6B and 6C, respectively. For ginkgolide X the only alternative low energy ring conformer (+1.9 kcal/mol) originates from flexibility in the t-butyl end of the molecule, whereas the only alternative ring conformer for ginkgolide A stem from flexibility in the opposite 3-methyldihydrofuran-2-one end of the molecule (+0.8 kcal/mol). In contrast, picrotonin and picrotoxinin are completely rigid in their ring frameworks within the 3 kcal/mol cut-off and the only flexibility for these molecules is due to rotation around freely rotatable bonds. The superimposition of picrotoxinin on ginkgolide A is shown in Fig. 6D .
Binding modes of ginkgolide A, ginkgolide X and picrotoxinin to the α1 GlyR homology model. Having identified the 6' M2 residue as the selectivity determinant in the GlyRs for the actions of ginkgolide X, we set out to elucidate the binding mode of this compound and picrotoxin to the ion channel of the receptors. In order to investigate the observed differences between the native ginkgolides and ginkgolide X with respect to flexibility and its potential role for their different selectivity profiles at GlyRs we also included ginkgolide A in this study.
Ginkgolide X, ginkgolide A and picrotoxinin were docked to the homology model of the transmembrane domain (M1-M4) of the homomeric α1 GlyR using an induced fit protocol that allows protein side chains to adapt to the docked poses of the ligands. Furthermore, to ensure that all relevant conformations of the core ring structures of the ligands were presented to the receptor both identified low energy ring conformers of ginkgolides A and X were used as input to the docking program. The docking poses were clearly clustered in the two pockets above and below the 6' residues as illustrated in the homology model (Fig. 7A) . Furthermore, poses were clustered according to input conformation, indicating that the docking engine could not handle conformational sampling of the complex ring structures of the ginkgolides.
For ginkgolide X in its lowest energy ring conformer the cluster of poses was situated consistently with the 3-methylfuran-(2)-one ring facing the threonines in the 6' position. The top scoring pose of ginkgolide X from this cluster of poses is shown in Fig. 7B . The carbonyl group of the 3-methylfuran-(2)-one ring forms a direct hydrogen bond with one of the 6' threonines and the bulky part of the molecule (the three joined 5-membered rings) is situated at the level of the 10' threonines, whereas the t-butyl group resides between the 10' and 13' M2 residues. Apart from hydrogen bonds directly to the 6' and 10' Thr residues a number of water-mediated hydrogen bonds must almost certainly exist. In the alternative ring conformation of ginkgolide X (+1.9 kcal/mol) two different clusters of poses were obtained. Both clusters have the 3-methylfuran-(2)-one ring placed at the level of the 6' threonines but the two clusters protrude from either the 10' or the 2' side as shown in Fig. 7C .
The suggested binding poses for ginkgolide A were also very dependent on the ring conformation. In the lowest energy ring conformation poses in the 2'-6' region were obtained, and in contrast to ginkgolide X these poses approach the 6' position with the t-butyl group (Fig. 7D ). In the alternative ring conformation (+0.8 kcal/mol) ginkgolide A assumes many different binding poses. The top scoring of these in the 6' to 13' region resemble the top scoring pose of ginkgolide X but is situated approximately 1.5Å higher in the ion channel. In the 2' region poses are perpendicular to the axis through the ion channel with the t-butyl group facing the G2' residues and with a hydrophilic side of the ligand facing the 6' residues (Fig. 7E) .
Interestingly, a number of low scoring poses with an inverted binding mode were also observed (not shown) for both clusters where the hydrophobic tbutyl group is presented to the residues in the 6' position. For picrotoxinin the highest scoring poses (Fig. 7F, upper pose) were obtained in the 6'-10' region but a unique binding mode could not be established. Poses in the 2' region were also obtained (Fig. 7F, lower pose) , however with significantly lower scores as compared to poses in the 6'-10' region. The scoring values and corresponding docking regions for the different top scoring poses are given in Table 3 .
The roles of the 2', 10' and 13' M2 residues in ginkgolide X and picrotoxin binding to the GlyR.
The 2' M2 residue: The 2' M2 residue is a glycine or an alanine in the four α GlyR subunits, whereas it is a Pro residue in the β subunit (Fig.  4) . In order to probe the role in the 2' M2 residue in the binding of ginkgolide X and picrotoxin to the GlyR, a P2´G mutation was introduced in the β subunit and the reverse G2'P mutation was introduced in the α1 subunit. Ginkgolide X and picrotoxin both exhibited a slightly increased antagonist potency at the α1β P2'G receptor compared to their activities at WT α1β but they were still ~100 fold weaker as antagonists at this mutant receptor than at WT α1 ( Table 2 and Fig.  8) . Introduction of the G2'P mutation in α1 did not lead to major changes in the antagonist potency of ginkgolide X at the receptors, as the IC 50 value obtained at cells expressing the homomeric α1 G2'P GlyR was similar compared to that at the WT α1 ( Table 2 and Fig. 8 ). The IC 50 value for picrotoxin at homomeric α1 G2'P was slightly decreased compared to WT α1 ( Table 2) . This is in agreement with a previous study, although the increase in antagonist potency caused by the mutation was less pronounced in the FMP Blue assay than in the electrophysiological set-up in that study (25) .
Analogously to the similar IC 50 values displayed by ginkgolide X and picrotoxin at tsA-201 cells expressing WT α1 and α1 G2'P GlyRs, the antagonist potencies displayed by the two compounds at α1β F6'T and α1β P2'G/F6'T GlyRs did not differ significantly ( Table 2 and Fig. 8) . Thus, the addition of the P2'G mutation to β appear to further improve the binding of the two compounds to the GlyR, which had been facilitated by the F6'T mutation in the β subunit ( Table 2 and Fig. 8 ).
The 10' and 13' M2 residues: The 10' and 13' M2 residues are conserved as threonines in all four α GlyR subunits, whereas both corresponding residues in the β subunit are serines (Fig. 4) . Introduction of S10'T, S13'T and S10'T/S13'T mutations into the β subunit did not introduce sensitivity in the α1β GlyR to ginkgolide X or picrotoxin at concentrations up to 300 µM ( Table  2 and Fig. 9 ). Interestingly, both ginkgolide X and picrotoxin displayed slightly reduced IC 50 values (2.5-and 2.1-fold, respectively) at α1β F6'T/S10'T/S13'T than at α1β F6'T , exhibiting antagonist potencies at α1β F6'T/S10'T/S13'T not significantly different from those at the WT α1 ( Table 2 and Fig. 9) .
All of the mutant GlyRs mentioned above (i.e., all receptors composed of α1 and/or β subunits where one or both subunits were mutated in the 2' and/or 6' M2 positions and receptors composed of WT α1 and mutant β subunits with mutations in the 10' and/or 13' M2 positions) displayed "WTlike GlyR"-profiles when challenged with glycine in the FMP Blue assay. This means that the basal levels of fluorescence recorded from wells with cells transfected with all these mutant receptors were similar to the basal fluorescence levels measured in wells with similar numbers of WT α1-and WT α1β-transfected cells. Furthermore, a concentration-dependent increase in fluorescent intensity was observed upon application of increasing concentrations of glycine to the cells expressing these mutant GlyRs, with glycine displaying similar EC 50 values at the mutant GlyRs as at the WT GlyRs (Table 2 ). In contrast to the functional properties of these mutants, substitutions of the Thr residues in the 10' and/or 13' M2 positions of the α1 subunit with Ser residues had dramatic effects on the observed basal fluorescence levels and glycine-induced responses in the FMP Blue assay. The basal levels of fluorescence recorded from cells expressing homomeric α1
T10'S , α1 T13'S and α1 T10'S/T13'S GlyRs were significantly higher than from cells expressing the WT α1 (Table 2 and exemplified in SI Fig. 3) . Furthermore, application of glycine in assay concentrations up to 3 mM at the cells only gave rise to small, if any, increases in fluorescence intensity (SI Fig. 3 ). Elevated basal levels of fluorescence and negligible responses to glycine application were also recorded in cells coexpressing α1 T10'S , α1 T13'S or α1 T10'S/T13'S subunits together with the WT β subunit (data not shown) and in cells co-transfected with the cDNAs encoding for the α1 T10'S β S10'T , α1 T13'S β S13'T or α1 T10'S/T13'S β S10'T/S13'T combinations (Table 2 and exemplified in SI Fig. 3) . Interestingly, the elevated basal levels of fluorescence in these cells could be reduced concentration-dependently by applications of ginkgolide X, picrotoxin or the competitive GlyR antagonist strychnine (data not shown). Thus, Thr-to-Ser mutations in these positions of α1 subunit appear to change the distribution of the FMP Blue dye across the cell membrane during the incubation with the dye, thus giving rise to higher basal levels of fluorescence in cells expressing these mutants than in those expressing WT GlyRs.
The importance of stoichiometry and arrangement of the 6' M2 residues for ginkgolide X and picrotoxin antagonism of the anionic Cys-loop receptor.
The heteromeric GABA A R with its 2α/2β/1γ stoichiometry and fixed β:α:β:α:γ subunit arrangement constitute a good model system to probe the functional consequences of incorporation of subunits with different 6' M2 residues into the anionic Cys-loop receptor for the activity of picrotoxin and ginkgolide X.
T6'F mutations were introduced in the α5 and γ2s subunits, and the sensitivities of the mutant α5β2γ2s GABA A Rs incorporating these subunits towards ginkgolide X and picrotoxin were characterized in the FMP Blue assay. GABA displayed 10-and 6-fold higher EC 50 values at the α5 T6'F β2γ2s and α5β2γ2s T6'F , respectively, than at the WT α5β2γ2s receptor (Table 4) . Furthermore, the intensities of the fluorescence signals elicited by GABA application on the mutant receptorexpressing cells were significant lower than from WT receptor-expressing cells (data not shown). Both picrotoxin and ginkgolide X were inactive as antagonists of α5 T6'F β2γ2s and α5β2γ2s
T6'F
GABA A Rs at concentrations up to 300 µM (Table  4) .
To investigate the effects of more subtle variations in the side chains of the 6' residues, Ala and Ser residues were introduced in this position of the α5 and γ2s subunits. The T6'A and T6'S mutations also resulted in pronounced impairment of the antagonist activities of ginkgolide X and picrotoxin, although inhibition of the signalling through these mutant α5β2γ2s receptors were observed when high micromolar concentrations of the two antagonists were used (Table 4) .
DISCUSSION
Due to limited amounts of ginkgolide X available for this study, the pharmacological properties of ginkgolide X at WT and mutant Cysloop receptors was characterized using the fluorescence-based FMP Blue assay. The pharmacological profiles exhibited by GlyRs, GABA A Rs and other Cys-loop receptors in this assay have been found to be very representative of those obtained from electrophysiological recordings (26, 34, (45) (46) (47) . Nevertheless, the assay still represents an indirect and somewhat coarse measurement of Cys-loop receptor signaling compared to conventional electrophysiology, and thus it is not possible to extract the same level of information about the finer aspects of receptor signalling, such as activation and deactivation/desensitization kinetics and cooperativity, from this assay. Furthermore, one should be cautious not to over-interpretate observed trends and minor differences and only base ones conclusions on substantial differences in the obtained data.
The 6' M2 residue is the principal molecular determinant of ginkgolide X activity at anionic Cys-loop receptors. The antagonist activities displayed by ginkgolide X at α1β
F6'T and α1/α1
T6'F GlyRs compared to WT α1 and WT α1β GlyRs, respectively, unequivocally identify the 6' M2 residue as the principal molecular determinant of the selectivity profile of ginkgolide X (Table 2 and Fig. 5 ). This observation is in concordance with the importance of the residue for the activity of native ginkgolides and for the subtype-selectivity of picrotoxin at the GlyRs (19, 20, 25, 27, 28) . Furthermore, the crucial role of the residue for ginkgolide X activity is underlined by the similar antagonist potencies displayed by the compound at the heteromeric GABA A Rs. The T6' residue present in all α GlyR subunits is conserved in the vast majority of GABA A R subunits (Fig. 4) , albeit not all (49) . Thus it is not surprising that ginkgolide X displays similar IC 50 values at homomeric GlyRs and the GABA A Rs tested in this study (Table 1 ). An interesting incongruity from this observation is the significantly lower antagonist potency of ginkgolide X at the homomeric ρ1 GABA A R. Not only does the ρ1 subunit contain a T6' M2 residue, it also has threonines in the 10' and 13' positions (see discussion below). This suggest that the 6' M2 residue may not be the only molecular determinant of ginkgolide X activity at the anionic Cys-loop receptor, The α7 nAChR and 5-HT 3A R, which both possess a uniform 6' M2 ring of threonines, are also insensitive to ginkgolide X. However, this is not necessarily surprising, since the ability of ginkgolide X to access a site in the cytoplasmic end of the ion pore could differ significantly from cationic to anionic channels. Furthermore, the 2', 10' and 13' M2 residues in the anionic Cys-loop receptors are not conserved in the α7 and 5-HT 3A subunits, and thus the contributions of these residues to a putative binding site for the ginkgolide differ in the cationic receptors.
Importance of stoichiometry and arrangement of 6' M2 residues in the anionic Cys-loop receptor for ginkgolide X and picrotoxin activity. The arrangements of residues in the 6' M2 rings of the homomeric GlyRs and the GABA A Rs is T:T.T:T:T, whereas it is believed to be T:F:T:F:F in the heteromeric GlyR (50) . To investigate the role of the individual 6' M2 residues in the anionic Cys-loop receptor for ginkgolide X and picrotoxin binding in greater detail we used the α5β2γ2s GABA A R as model receptor. Interpretations of data outlined below are made under the assumptions that the five 6' M2 residues in the pentamer contribute equally to the binding site, and that the subunit composition of the GABA A R is not altered by 6' residue mutations in the respective subunits.
The inactivity of ginkgolide X and picrotoxin at WT α1β GlyR (T:F:T:F:F) and α1 GABA A R (T:T:T:T:F) to ginkgolide X and picrotoxin demonstrates that the presence of a single F6' residue in the pentamer is enough to completely disrupt the binding of both antagonists (Table 3 ). In the case of picrotoxin, this observation is in concordance with a previous study (51) .
Introduction of the more conservative T6'A and T6'S mutations in the α5 and γ2s subunits also profoundly impair the ability of ginkgolide X and picrotoxin to inhibit α5β2γ2s signaling, although receptors containing A6'-or S6'-subunits are not as insensitive to the antagonists as F6'subunit-containing receptors ( Table 3 ). The importance of a uniform 6' M2 ring consisting solely of threonines for proper binding of ginkgolide X and picrotoxin is likely to apply for the GlyRs as well -a hypothesis supported by the significantly decreased antagonist activities of the two compounds at the α1β F6'G GlyR mutant. Thus, although the most obvious explanation for the insensitivity of the heteromeric GlyR to the two antagonists is the bulk introduced into the ion pore by the F6' residues in the β subunits, the shear fact that the heteromeric receptor presents a nonuniform 6' ring to the antagonists may also be a contributing factor.
Molecular basis for ginkgolide X, ginkgolide A and picrotoxin binding to the GlyR.
The involvement of the 6' M2 residue in the GlyR in the binding of the native ginkgolides is well established (19, 20) . However, considering the equipotency or even preference for heteromeric over homomeric GlyRs displayed by these compounds (18, 19, 21, 24) , it is evident that they must bind differently to the GlyR ion pore from picrotoxin and ginkgolide X.
In order to rationalize the different functional properties of picrotoxinin, ginkgolide X and ginkgolide A, we docked low energy conformations of the compounds into a homology model of the α1 GlyR. Interestingly, the differences in conformational flexibility between ginkgolide X and ginkgolide A may offer an explanation for the different GlyR activity profiles of the compounds. In their lowest energy conformations there is a striking resemblance between the two compounds. However, whereas ginkgolide X is flexible in the t-butyl end of the molecule, ginkgolide A is flexible in the other end. It is noteworthy, that when adopting the more caved alternative (+0.8 kcal/mol) ring conformation, the tip of ginkgolide A turns hydrophobic (Fig. 6C) . In contrast, the tip of ginkgolide X remains the carbonyl oxygen of the 3-methylfuran-(2)-one ring within all energetically accessible conformations. Furthermore, the difference in energy of 1.9 and 0.8 kcal/mol between the respective low energy conformations of ginkgolide X and ginkgolide A indicates that the latter can easily adopt the alternative conformation, whereas it for ginkgolide X would result in a ~25-fold decrease in binding affinity.
When docked to the α1 GlyR homology model in their lowest energy conformations, ginkgolide X docks exclusively in the 6'-13' region ( Fig. 7B) , whereas ginkgolide A docks in the 2'-6' region (Fig. 7D) . In the suggested binding mode for ginkgolide X, the 3-methylfuran-(2)-one ring is situated at the level of the T6' residues forming a direct hydrogen bond to one of the threonines. It is obvious that this binding mode would be impossible in the heteromeric α1β GlyR with its T:F:T:F:F 6' M2 ring arrangement due to the steric bulk of the phenylalanines (Fig. 7B) . The same argument applies to the alternative binding modes of ginkgolide X (Fig. 7C) . The suggested binding modes for the alternative conformation of ginkgolide A reside either above or below the 6' residues and would thus be less affected by a T6'F mutation in this position or by the mixed T/F 6' M2 ring in the WT α1β GlyR (Fig. 7E) . Finally, picrotoxinin has a completely different and more compact shape than both ginkgolide X and ginkgolide A. Considering the high number of different docking poses obtained for picrotoxinin in the homology model we will refrain from further interpretations regarding this compound (Fig. 7F) . It is obvious that the crude nature of the homology model applied here prompts for extremely careful interpretation of the results. Taking receptor flexibility and solvation of the ion channel into account is necessary to get a more detailed picture of the binding modes of the compounds.
The roles of the 2', 10' and 13' M2 residues for ginkgolide X, ginkgolide A and picrotoxin binding to the GlyR. Despite the crude nature of the α1
GlyR homology model and the resulting limitations to the information extractable from the docking of ligands into it, the differential binding modes of gingkolide A and ginkgolide X in the model prompted us to perform a mutagenesis study to evaluate the contributions of the pore lining 2', 10' and 13' M2 residues to the binding of ginkgolide X.
The 2' M2 residue does not appear to be important for the binding of ginkgolide X to the GlyR. The ginkgolide displays a slightly increased IC 50 value at α1 G2'P than at WT α1 (2.9-fold). Furthermore, it displays a weak but significant antagonist activity at the α1β P2'G in high micromolar concentrations -an activity not observed at the WT α1β (Table 2 and Fig. 8 ). However, none of these differences are substantial enough to indicate a direct involvement of the α1 G2' residue in the binding of ginkgolide X. In contrast, ginkgolide A has displayed a 30-fold increased IC 50 value at the α1 G2'P GlyR compared to WT α1 and a >30-fold increased IC 50 value at α1 G2'P β compared to WT α1β, strongly indicating a direct involvement of the 2' residue in binding of this ginkgolide (19) . In contrast to the G2'P mutation, G2'A and G2'S mutations in the α1 GlyR have been found not to alter the antagonist activities of native ginkgolides significantly (20) . Finally, the antagonist activity of picrotoxin has been reported not to be significantly different at WT α1β and α1β P2'G GlyRs, whereas picrotoxin displays 3-6-fold lower IC 50 values at α1 G2'P GlyR than at WT α1 (19,25) -findings in good agreement with the observations made for picrotoxin in this study.
Investigation of the involvement of 10' and 13' M2 residues in GlyR binding of ginkgolide X and picrotoxin was complicated by the dramatically increased basal responses measured in tsA-201 cells expressing the α1 T10'S , α1 T13'S or α1 T10'S/T13'S subunits in the FMP Blue assay (SI Fig. 3 ). With the exception of the β GlyR subunit, the 10' and 13' M2 residues are conserved as threonines throughout the GABA A and GlyR subunits, suggestive of a role of these residues for proper anionic Cys-loop receptor function (Fig. 4) . A likely explanation for this observation is that the mutations have rendered the receptors constitutive active or hypersensitive to trace concentrations of glycine in the assay buffer. This hypothesis is supported numerous previous studies demonstrating the importance of the 10' and 13' M2 residues for proper gating of both cationic and anionic Cys-loop receptors (52-59) .
The compositions of the 10' and/or 13' M2 rings in homomeric α1 T10'S , α1 T13'S and α1
T10'S/T13'S
GlyRs and in heteromeric α1 T10'S β, α1 T13'S β and α1 T10'S/T13'S β GlyRs are S:S:S:S:S whereas they are T:T:T:T:T and T:S:T:S:S in the WT α1 and WT α1β
GlyRs, respectively. Interestingly, coexpression of α1 T10'S , α1 T13'S or α1 T10'S/T13'S with the corresponding β S10'T , β S13'T and β S10'T/S13'T mutants (forming receptors with S:T:S:T:T rings) also resulted in elevated basal levels of fluorescence (SI Fig. 3 ). Thus, it does not seem to be the total number of serines in the 10' and 13' M2 rings of the GlyR pentamer but rather the identity of the 10' and 13' residues in α1 that determine the basal activity levels. This is not necessarily surprising, considering that α1 and β subunits have been shown to have asymmetric contributions to heteromeric GlyR and GABA A R signalling (56,60). Although constitutive activity or agonist hypersensitivity of α1 T10'S -, α1 T13'S -and α1 T10'S/T13'S -containing GlyRs seems to be a reasonable explanation for the observed elevated basal levels of fluorescence in the FMP Blue assay, this observation clearly needs to be investigated and verified in a more sophisticated assay before any solid conclusions can be drawn. Hence, we decided not to include these mutants in our study of ginkgolide X and picrotoxin.
Introduction of the reverse S10'T, S13'T or S10'T/S13'T mutations into the β subunit did not result in α1β receptors more sensitive to neither ginkgolide X nor picrotoxin than WT α1β, at least not at the concentrations tested in this study (Table  2 and Fig. 9) . Clearly, the Ser-to-Thr substitutions are not enough to facilitate binding of the compounds as long as the β subunit in the heteromeric receptor contains the F6' residue. Interestingly, however, both ginkgolide X and picrotoxin display similar antagonist potencies at α1β F6'T/S10'T/S13'T and WT α1. It is tempting to speculate that the presence of five Thr residues in by guest on September 1, 2017 http://www.jbc.org/ Downloaded from the 10' and 13' positions in the α1β F6'T/S10'T/S13'T pentamer has added further to the binding affinities of picrotoxin and ginkgolide X already facilitated by the F6'T mutation in the β subunit, and that the increased hydrophobic character of Thr compared to Ser in these positions stabilizes the binding of the two antagonists. However, since the observed changes in IC 50 values are fairly small, they should be considered trends rather than significant changes.
In conclusion, we propose that the structural differences between gingkolide X and the native ginkgolide give rise to different binding modes of the compounds to the GlyR channel, and that this in turn result in entirely different pharmacological profiles. The binding mode of ginkgolide A to the 2'-6' region of the α1 GlyR ion channel observed for the top scoring pose of the compound in the docking experiments in this study is in good agreement with the binding mode previously proposed for the native ginkgolides and supported by extensive mutagenesis work (Fig. 7D) (19,20) . While it seems to be possible for the alternative ring conformation of ginkgolide A to dock in the 6'-13' region as well (Fig. 7E) , it is slightly less favorable from an energy perspective. If the compound is capable of binding to both sites in the channel, the 2'-6' binding mode is likely to be favored. However, this preference could possibly shift in the α1β GlyR as the tip of ginkgolide A, due to conformational flexibility in the 3-methyldihydrofuran-2-one end of the molecule, turns hydrophobic in the alternative (+0.8 kcal/mol) ring conformer and thus could be stabilized by hydrophobic interactions with the F6' residues in the heteromeric receptor.
In contrast to ginkgolide A, ginkgolide X appears to target the 6'-13' region of the ion pore of the GlyR. This proposal is based primarily on the results of the docking experiments, where the lowest energy conformation as well as many of the alternative conformations of the ginkgolide targets this region, although an alternative conformation of the compound is capable of binding to the 2'-6' region ( Figs. 7B and 7C ). Just as for ginkgolide A, we cannot exclude that ginkgolide X potentially could bind to both sites. However, based on the docking results and the considerable energy penalty (1.9 kcal/mol) for ginkgolide X in order to exist in its alternative low-energy conformation, the 6'-13' region must be considered the primary site. The mutagenesis analysis of the contributions of the 2', 10' and 13' M2 residues to ginkgolide X activity cannot be claimed to provide substantial support for any of the two binding modes, since the changes observed for all of these mutants compared to WT GlyRs are relatively subtle.
CONCLUSION
In the present study a novel naturally occurring ginkgolide analogue, ginkgolide X, has been found to exhibit a unique functional profile at anionic Cys-loop receptors. The ginkgolide is only the second compound published to date that displays complete functional selectivity for homomeric over heteromeric GlyRs, picrotoxin being the other. Like picrotoxin, ginkgolide X also inhibits the signalling through various heteromeric GABA A R subtypes. However, in contrast to its relative potent pan-activity at these receptors, the ginkgolide is a much weaker antagonist of the homomeric ρ1 GABA A R. Finally, ginkgolide X has been found to be inactive at selected nAChR subtypes and at the 5-HT 3A R at concentrations up to 300 µM in the FMP Blue assay (Table 1) . This functional profile make the ginkgolide a potential valuable pharmacological tool in studies of native GlyRs and further underlines the potential of the ginkgolide molecule as lead structure for the development of ligands with interesting properties at anionic Cys-loop receptors.
The 6' M2 residue in the GlyR subunit has been demonstrated to be the key molecular determinant of the selectivity profile of ginkgolide X at these receptors. Furthermore, the presence of a 6' M2 ring consisting exclusively of Thr residues seems to be crucial for the binding of ginkgolide X and picrotoxin to anionic Cys-loop receptors, something that clearly is not a requirement for proper binding of the native ginkgolides. Based on conformational analysis and docking of lowenergy conformations of ginkgolide A and ginkgolide X into a homology model of the α1 GlyR, we propose that their different functional profiles may arise from a significant difference in the flexibility of the two molecules. While both compounds may adopt alternative low energy ring conformers, the flexibility resides in different ends of the molecules, and this may facilitate different
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Wenningmann Fig. 4 . Alignment of the amino acid sequences of the M2 regions in selected Cys-loop receptor subunits. The positions of the 2', 6', 10' and 13' residues are indicated, and the residues are highlighted in bold in the individual subunits. Human, mouse and rat subunits are indicated by the prefixes "h", "m" and "r", respectively. Fig. 5 . The importance of the 6' M2 residue for the activity of ginkgolide X at the GlyRs. Concentration-inhibition curves of ginkgolide X at tsA-201 cells transfected with cDNAs for WT α1, WT α1 and α1 T6'F , WT α1 and WT β, WT α1 and β F6'T or α1 T6'F and β F6'T GlyR subunits. The FMP Blue assay was performed as described in Experimental Procedures using EC 70 -EC 95 concentrations of glycine as final agonist concentrations in the assays. The figure depicts data from a single representative experiment, and error bars are omitted for reasons of clarity. G2'P , WT α1 and WT β, WT α1 and β P2'G or WT α1 and β P2'G/T6'T GlyR subunits. The FMP Blue assay was performed as described in Experimental Procedures using EC 70 -EC 95 concentrations of glycine as final agonist concentrations in the assays. The figure depicts data from a single representative experiment, and error bars are omitted for reasons of clarity. Fig. 9 . The importance of the 10' and 13' M2 residues for the activity of ginkgolide X at the GlyRs. Concentration-inhibition curves of ginkgolide X at tsA-201 cells transfected with cDNA for WT α1 or with the cDNA for WT α1 together with cDNAs for WT β, β S10'T , β S13'T , β S10'T/S13'T , β F6'T , β F6'T/S10'T or β F6'T/S10'T/S13'T GlyR subunits. The FMP Blue assay was performed as described in Experimental Procedures using EC 70 -EC 95 concentrations of glycine as final agonist concentrations in the assays. The figure depicts data from a single representative experiment, and error bars are omitted for reasons of clarity. 
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a Glycine, GABA and serotonin were used as agonists for GlyRs, GABA A Rs and 5-HT 3A R, respectively. ACh was used as agonist for the α7 nAChR, whereas epibatidine was used as agonist for the α4β2 and α3β4 nAChRs.
b In the ginkgolide X experiments, assay concentrations of 200 µM glycine, EC 70 -EC 95 concentrations of GABA and 1 µM serotonin were used as agonists for the GlyRs, the GABA A Rs and 5-HT 3A R, respectively. 20 µM ACh and 50 nM epibatidine were used as agonist concentrations for the α7 nAChR and for the α4β2 and α3β4 nAChRs, respectively. 
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------WT
ND ND ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
a Significantly elevated basal levels of fluorescence were observed compared to WT GlyR expressing cells; ND, not determined 
